Abstract Globulettes are small (radii < 10 kAU) dark dust clouds, seen against the background of bright nebulae. A majority of the objects have planetary mass. These objects may be a source of brown dwarfs and free floating planetary mass objects in the galaxy. In this paper we investigate how many globulettes could have formed in the Milky Way and how they could contribute to the total population of free floating planets. In order to do that we examine H-alpha images of 27 H II regions. In these images, we find 778 globulettes.
Introduction
H II regions, surrounding young stellar clusters are driven by massive O and early B stars. These regions are associated with dusty gas formations, such as pillars, 'elephant-trunks' and isolated dark clouds seen in different sizes and shapes, from large irregular blocks and fragments to smaller more roundish objects. These
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Hans Weber Luleå University of Technology, Luleå, Sweden, SE-971 87 Luleå small-sized globules within H II regions were first observed by Bok & Reilly (1947) , followed by Thackeray (1950) and Herbig (1974) . They are dense, cold and neutral clouds with dark appearance in optical images. The pillars of gas and dust are pointing towards the ionizing sources and are usually connected to the molecular shell.
In such H II regions, a new distinct class of objects, globulettes, was noted by Gahm et al. (2007) and Grenman (2006) . The globulettes are seen as silhouettes against the background of bright nebulae in optical images. Typically, they are roundish objects that are much smaller (< 10 kAU) than normal globules with a mass of 0.1 M ⊙ (Gahm et al. 2007 ). The globulettes can also have tails, bright rims and halos. Many globulettes are quite isolated, located far from the molecular shells and dust pillars associated with the regions. However, some of the objects are connected by thin filaments to large molecular blocks or even each other. This suggests that they can either form separately, or via fragmentation of large structures. The calculated lifetime of globulettes suggests that they may survive in this harsh environment for a long time, > 10 6 yrs (Gahm et al. 2007; Haworth et al. 2015) .
In the Carina Nebula (NGC 3372), a giant H II region, the globulettes are smaller, more dense and less massive (Grenman & Gahm 2014 ) than those recognized in Gahm et al. (2007) and De Marco et al. (2006) . This group of globulettes may represent a more advanced evolutionary state in globulette evolution. Schneider et al. (2016) suggested that the pillars may evolve first into a globule and then into a globulette when the lower density gas has photevaporated and left behind a dense and cold core. However, it is also speculated that globulettes might collapse in situ to form free floating planets (FFPs with < 13 M J , where M J = Jupiter mass) or brown dwarfs (13-75 M J ), triggered by external forces from gas and turbulent pressure in the surrounding warm plasma and radiation pressure from stellar photons. In fact, the result by Gahm et al. (2013) from near-infrared imaging of the Rosette Nebula, revealed very dense cores in some of the largest globulettes that might collapse to form FFPs. They also pointed out that these objects accelerate outwards from the nebula and eventually ends up in the interstellar environment.
A more recent example, where globulettes may have formed planetary mass objects was found in the Orion Nebula (M42/43, Fang et al. 2016 ). This nebula stands out by having both dark silhouette disks and bright compact knots. They are known as proplyds (O'Dell et al. 1993; O'Dell & Wong 1996; Bally et al. 2000) .
The first reports of populations of substellar objects in interstellar space came in 1995 (Rebolo et al. 1995; Nakajima et al. 1995) . Since then, a number of Jupitermass FFPs and FFP candidates have been found in young clusters and star formation regions (see Lucas & Roche 2000; Bihain et al. 2009; Luhman 2012; Liu et al. 2013; Peña Ramírez et al. 2016 , 2012 Clanton & Gaudi 2017 , and references therein). Planetary mass objects have also been found in the galactic field (Cushing et al. 2014) . Since these substellar objects are both brighter and warmer at young ages (less than 10 Myr, Chabrier et al. 2000) , these objects with masses of a few Jupiter masses can be seen e.g. in deep optical and near-infrared photometric surveys (Zapatero Osorio et al. 2000 , 2017 Quanz et al. 2010) .
Another method to find objects below the deuteriumburning-mass-limit (Jupiter-sized) that are not bound to a host star is through gravitational microlensing. This type of study has been done by the Microlensing Observation in Astrophysics group (MOA-2; Sumi et al. 2003 Sumi et al. , 2011 Freeman et al. 2015) and the Optical Gravitational Lensing Experiment (OGLE-III; Wyrzykowski et al. 2015) .
The origin of these unbound objects is unclear. They may have formed in situ from a direct collapse of a molecular cloud by fragmentation, similar to star formation (e.g. Silk 1977; Bowler et al. 2011) . In fact, Fang et al. (2016); Luhman et al. (2005) ; Boucher et al. (2016); Joergens et al. (2015) ; Bayo et al. (2017) have found four FFPs with accretion disk. Furthermore, planetary-mass binaries, which would be almost impossible to from through planetary formation mechanisms, have also be found by e.g. Jayawardhana & Ivanov (2006) ; Best et al. (2017) .
FFPs may also have been formed from stellar embryos that are fragmented and photoevaporated from nearby stars (see e.g. Kroupa & Bouvier 2003; Padoan & Nordlund 2004; Whitworth & Zinnecker 2004) . They may also have been ejected after they were formed in circumstellar protoplanteray disks through gravitational instabilities (e.g. Boss 2009; Stamatellos & Whitworth 2009; Li et al. 2015) . Such instabilities can be caused by a triplet star system (Reipurth & Mikkola 2015) or by passage through the center of a dense star cluster (Wang et al. 2015) .
In this work, we present results based on available images of H II-regions from the Hubble Space Telescope (HST) archive and taken with the Nordic Optic Telescope (NOT). We create a model of how many globulettes may have formed in the Milky Way over time and how many of these that contribute to the total FFPs population. We have organized the paper as follows. In Sect. 2, we present the result of both old and new H II regions investigated in the context of globulettes. We also present mean radii of histograms of globulettes for those H II regions, which contain many globulettes. In Sect. 3, the parameters that are used in our model are presented. The results and discussion regarding FFPs can be found in Sect. 4 and we conclude the paper in Sect. 5.
Archival Data and Measurements
In this work, we used archival H-alpha images of 16 H II regions included in earlier studies by De Marco et al. (2006) , Gahm et al. (2007) and Grenman & Gahm (2014) . The observations in these studies are from the HST archive and the NOT. Most images were taken with the HST instruments such as ACS/WFC, WFPC2, WFPC3/UVIS, while the NOT images were taken with the ALFOSC instrument. A brief description of these instruments is given below. 4. The Andalucia Faint Object Spectrograph and Camera (ALFOSC) has a field of view of 6.5', and the effective scale of the CCD detector is 0.188" per pixel.
The respective areas for the instruments WFPC2, WFC3, ACS and ALFOSC are estimated to 5, 7, 11 and 33 arcmin 2 . More information about each of these instruments can be found in the manuals on the HST Web site 1 and in the NOT manual 2 . All images in the current study are analyzed using the F656N and F658N filters, which allow for mapping circumstellar matter and detecting the dark silhouette objects, even though the F658N filter includes more nebular emission from [N II]. The HST and NOT observations from these regions are presented in Table 1 .
We characterize the angular size of the globulettes by using the SAOImage DS9 program, where we fit an ellipse to each object. Then we estimate the radiusr, the mean of the semi-major and semi-minor axes, expressed in kAU. In order to get a representative size distribution, a certain number of globulettes are needed. We 1 http://www.stsci.edu/hst/HST_overview/instruments 2 http://www.not.iac.es/instruments/alfosc have set the cutoff at 17 globulettes per region, and made histograms. Figure 1 shows the distributions of average radii in kAU for these H II regions. The average radii distribution of the all globulettes seems to fall off approximately exponentially.
Using catalogues, such as Sharpless (1959, hereafter Sharpless = S) and Gum (1955) , we have investigated 319 optically visible nebulae and found 28 H II regions that have been imaged using an H-alpha filter. These regions are listed in Table 2 , Column 1, in alphabetical order with the coordinates (Columns 2 and 3) from the Simbad database 3 . The main cluster designation is given in Column 4, and the distances from the Sun is given in Column 5, and the references in Column 6. The calculation of the H II nebula areas in Column 7 is described in Sect. 3.2 and the calculation of the observed areas in Column 8 is described in Sect. 3.3. The next to last Column in Table 2 , lists the number of globulettes found in the observed area. In the last Column the minimum detection size of an object (in AU) is given. Objects with dimensions < 3 pixels across are too small to be of interest (De Marco et al. 2006 ). Pietrzyński et al. 2013 For the NOT observations, there are no objects with a diameter of less than 9 pixels, which means that they are also clearly resolved. The Carina Nebula, Rosette Nebula and 30 Doradus contain the most globulettes. 30 Doradus is an example of a low metallicity region in the Large Magellinic Cloud (LMC) and we do not consider it in our calculation of globulettes within the Milky Way.
Some of the nebulae are giant H II regions, like Carina Nebula and 30 Doradus. In these regions, the Lyman continuum flux is > 10 50 photons per second (Moisés et al. 2011) . There is also a young ultracompact H II region, S106 (Crowther & Conti 2003) in our list, where the ionized star is a pre-main sequence star embedded in its molecular cloud (Noel et al. 2005) . Most of the regions are relatively nearby (d < 4 kpc) and they are relatively young ( 5 Myr). The distances are based on the references cited below in Table 2 .
Model Parameters
In this section we define the different parameters needed to model the number of globulettes as shown in Ta-ble 3. To illustrate the methodology of this work we chose the Rosette Nebula as a representative example, because it contains only one main cluster, is symmetric and hold a large amount globulettes. An overview of the Rosette Complex can be found in Román-Zúñiga & Lada (2008).
Young Universe and H II Formation Rate
From model calculations we know that within the first relic H II regions, the massive metal free Population III (Pop III) stars evacuated the primordial gas from their minihalos (Kitayama et al. 2004; Alvarez et al. 2006; Abel et al. 2007 ). As the Pop III stars ended in supernova explosions, the Universe's intergalactic medium got progressively enriched with heavy metals (i.g. Greif et al. 2007; Wise & Abel 2008 ) and dust.
Cosmological simulations suggest that once the gas reaches the minimum or 'critical' metallicity in the range 10 −6 -10 −3.5 Z ⊙ which allows for more efficient cooling. An example of a low metallicity Pop II environment is the Large Magellanic Cloud (LMC), where the metallicity is ∼ 0.5 Z ⊙ (Rolleston et al. 2002) .
In Som et al. (2015, Figure 11 ) these different metallicity values correspond to T 0 ∼ 12 Gyr, which we set as our starting point for the calculations of the number of globulettes in the Milky Way.
In the early Universe, the formation rate of the H II regions was higher than it is now. We assume that it is proportional to the Star Formation Rate (SFR), which combined with the present day gives us the formation rate of H II regions in the early Universe. Marasco et al. (2015, Figure 1) , show an overview of the SFR evolution as a function of time, where the current SFR is about ∼ 5 M ⊙ /yr. We estimate the total area under the curve, which gives us the average SFR between now and 10 Gyrs ago, which is twice as big as the H II production is today. We call this correction factor f HII , see Table 3 .
Shapes and Areas of H II Regions
H II regions vary in their morphology and the nebulae examined here are either roughly circular, elliptical or irregular. The angular sizes for each H II region were measured from large scale DDS images (POSS II/UKSTU) taken through the red filter, with a plate scale of ∼ 1" per pixel, available in Aladin, an interactive software Sky Atlas 4 . Thereafter, the area, in arcmin 2 , for each H II region was estimated, see Table 2 (Column 7), where the radii were defined as the 4 http://aladin.u-strasbg.fr/aladin.gml geometric mean, √ ab, where a and b are half the apparent major and minor axes. Here, the shape of the Rosette Nebula is assumed to be circular with an area of 5 281 arcmin 2 . The total area of the 27 H II regions was estimated to A tot = 44 413 arcmin 2 .
Observed Areas of the H II Regions
The DDS images of the 28 H II regions from the HST archive AstroView were overlaid with the HST apertures while the survey done with the NOT is described in Gahm et al. (2007) . The observed area (Column 8 in Table 2 ) was calculated in arcmin 2 for each nebula. For the Rosette Nebula the area was estimated to be 570 arcmin 2 and the total observation area of the 27 regions, A obs is about 3 297 arcmin 2 .
Objects behind the H II regions
We can only detect globulettes in front of the H II regions, while objects on the remote side are covered by nebular emission or hidden behind the foreground obscuring shell. Therefore, we assume that the backside of the nebula contains as many globulettes as we observe in front of the nebula. This gives a correction factor of f B = 2.
Age Estimate of the H II Regions and Globulettes
An H II region lasts only as long as the main sequence lifetimes of its ionizing star(s), i.e. 2-4 million years, before the radiation pressure from the hot young stars eventually drives most of the gas away and the nebula disperses. However, H II regions can live longer either in large star forming regions, involving multiple clusters, progressive star formation (e.g. the Carina Nebula, Smith et al. 2010) or when there is a spread in stellar ages, with co-existing younger (∼ 1 Myr) and older (∼10 Myr) stars. Two examples are Gum 38b (Beccari et al. 2010) and M 16, which have cluster mean ages of about 2 Myrs but where one of the massive members is about 6 Myrs old (Hillenbrand et al. 1993) . Thus by taking these conditions into account, the mean life time, T HII , for H II regions is assumed to be 5 Myrs. The lifetimes of globulettes can be estimated to 4 Myrs, see Sect.1.
Spatial Resolution and Distance Correction
The spatial resolution of the ground based instrument NOT is lower than that of the HST. The practical globulette observation limit for the NOT telescope is about 0.8", whereas the observation limit for the HST is about 0.15". Thus we need to compensate for the objects that are below the resolution treshold for the NOT telescope. A histogram of the distributions of radii observed with the different instruments is shown in Figure 2 . The most significant NOT region is the Rosette nebula, which has an observation limit of r = 0.8 ′′ × 1.4 kpc = 1.12 kAU. The are about as many objects above this limit in the figure as there are objects below. Therefore, the correction factor for the Rosette nebula is f S ≈ 2. For the other NOT regions, the correction factor would be only slightly different. An approximate value for the total number of globulettes within the NOT regions is G N OT =f S ×173 = 346. Furthermore, some H II regions lie closer to us than others which means that we need to compensate for the missing objects at large distances. From Figure 2 , we see that the detection limit radii is ∼ 200 AU for the more nearby regions. The only regions that are further away are NGC 2467 and Gum 38b. If we assume that doubling the distance, doubles the detection limit, the limit would be at 400 AU. In Figure 2 , we see that this correction between 200 to 400 AU would correspond to 12% if we assume that the distribution is similar. This factor also only applies to the two regions further away. Thus, this correction factor is negligible for the current data set.
Number of H II Regions in the Milky Way
H II regions evolve with time; from hypercompact (linear size < 0.01 pc; e.g. Kurtz & Franco 2002) to ultracompact (< 0.1 pc; e.g. Kim & Koo 2003) to compact (0.1-1 pc Wood & Churchwell 1989) and then finally to extended H II regions (> 1 pc; Mellema et al. 2006) . The evolutionary stage of a region is inferred from observations in several spectral windows. The most complete catalog today is compiled by Anderson et al. (2014 Anderson et al. ( , 2015 , where about 8 000 H II regions and H II region candidates in the Milky Way are registered. Fig. 2 Distribution of average measured radii for all globulettes found in the H II regions, expressed in kAU. The detection limit of 0.4 kAU is also marked in figure. A round figure on the total number of H II regions can be 10 000 (L. D. Andersson, personal communication, 2016) .
Results and Discussion
In this section, we establish a model equation for the number of globulettes that have been formed in the history of the Milky Way. We also discuss how many FFPs may form from globulettes by taking account different parameters. In addition, we also discuss briefly the role played by giant H II regions, like the Carina nebula and 30 Doradus, for producing globulettes in the early Milky Way.
In our scenario, the first globulettes were formed roughly 12 Gyr ago, when there was enough metallicity to create dust, (cf. Sect. 3.1). We estimate that H II regions were 2 times more abundant in the early Milky Way than they are now (cf. Sect. 3.1) and that the number of H II regions, n HII , today is about 10 000 (cf. Sect. 3.7). Globulette production can take place when the H II region is still young, 5 Myrs (cf. Sect. 3.5) and we assume that we can find a similar amount of objects also on the backside of the nebulae (cf. Sect. 3.4). The lifetime of globulettes was estimated to 4 Myrs. The spatial resolution was lower in seven of the H II regions and according Sect. 3.6, the actual number of globulettes, present in these regions, was estimated to 346 objects.
We list 27 H II regions, where the total area was estimated to 44 413 arcmin 2 and an observed area of 3 297 arcmin 2 . The total number of gloublettes was calculated as G T ot = G N OT + G HST = 951 and the average number of globulettes per H II region was estimated to be about 35. According to our model, the number of Fig. 3 Size distribution of the 176 globulettes in 30 Doradus in terms of the mean radii. The distribution peaks at ∼ 5.7 kAU. A few larger objects (> 10 kAU) where not included in this study. 
Using the numerical values from Table 3 we get a total number of globulettes 5.7 × 10 10 formed in the Milky Way over time, which can be considered a conservative value. It is currently not known what fraction of the globulettes that form FFPs. Their mass and density are likely to affect this fraction but to what extent is currently unknown. Neverthless, if we assume that 1 % or 10 % of the globulettes form FFPs, then the number of FFPs originating from globulettes is 5.7 × 10 8 and 5.7 × 10 9 , respectively. The MOA-2 Galaxtic bulge microlensing survey (Sumi et al. 2011) found that the Jupiter-sized FFPs are about 1.8 times as common as main-sequence stars. These planets are unbound or bound but very distant >100 AU from any star. It is unclear if some of these objects are low-mass brown dwarfs or super-Jupiters. The difference between these classes of objects is not well defined (Luhman 2012; Giannini & Lunine 2013) . However the population of these objects is expected to arise from a variety of processes, such as in situ formation or from the core accretion theory, see Veras & Raymond (2012) and Sect. 1. However, the number of Jupiter-sized FFPs by Sumi et al. (2011) may be overestimated, due to blending or red noise in the data (Bachelet et al. 2015) or the distribution of the timescale of mircolensing events (Di Stefano 2012). Furthermore, Clanton & Gaudi (2017) also found a slightly lower value (1.2-1.4) of FFPs per main sequence star. Recently, Mróz et al. (2017) found, using microlensing, 0.25 per star as an upper limit on the number of Jupiter sized planets.
A more conservative estimate of the number of Jupiter-sized planets has been calculated by Tutukov & Fedorova (2012) and more recently by Ma et al. (2016) , where the FFP population is found to be ∼ 1.8 · 10 −3 of the stellar population, which corresponds to ∼ 10 8 a total number of FFPs. However, these FFPs candidates originate in protoplanetary disks, while the FFPs considered here are formed in situ. Their value is less than the observed value of Sumi et al. (2011) but it is comparable to our result if 1% of the globulettes form FFPs.
If we increase the factors f HII = 2 → 3, f s = 2 → 5 and f B = 2 → 3, equation (1) would yield about 2.0 × 10 11 globulettes. Then by assuming that 10 % of the globulettes form FFPs, the globulettes would then contribute to about 11 % of all FFPs, as estimated by Sumi et al. (2011) .
A number of candidates of brown dwarfs and Jupiter mass objects have been found in several nearby, young star clusters and star-forming regions. Drass et al. (2016) have found 160 isolated planetary mass object candidates in the Orion Nebula. However, we only observe 9 dark objects in this H II region. This can be compared to the Rosette Nebula, where we have 16 times more objects in a smaller area.
We note that the total observed area of the H II regions is only 7 % of the total nebula area, and in the 27 H II regions there are 18 nebulae with < 18 observed globulettes and 8 nebulae with no observed globulettes. In these nebulae, the surveys could simply have missed them or the enivronment might not be favorable for globulette formation.
In 30 Doradus, which is the closest extragalactic source, many filaments and dust clumps in differ-ent sizes have been observed (Indebetouw et al. 2013; Chevance et al. 2016) . In this nebula, we discovered 176 globulettes with mean radii less than 10 kAU. Their size distribution is shown in Figure 3 with a peak at about ∼ 5.7 kAU. Compared to the globulettes in H II regions within the Milky Way, these globulettes are rather large. Due to its far distance, the detection limit of the objects in the 30 Doradus is about 4 kAU, which means that all smaller globulettes have escaped detection.
Conclusions
In this paper we have examined 319 H II regions, whereof 28 were observed with a narrowband H-alpha filter. In these H II regions, we have identified small roundish objects, globulettes, which appear dark in the H-alpha images. We summarize the present work as follows;
1. The total area and observed area of the 27 H II regions was estimated to 44 413 armin 2 and to 3 297 arcmin 2 , respectively. 2. We estimated the mean radii for each globulette found in the H II regions. The majority of objects have radii < 10 kAU but most seem concentrated around ∼ 0.5 kAU. 3. Amongst the 27 H II regions, there are 18 nebuale with < 18 observed globulettes and 8 nebula with no observed globulettes. 4. In the 30 Doradus, the mean radii had a peak at ∼ 5.7 kAU, which was higher than the regions within the Milky Way. 5. The total amount of globulettes was estimated to 778 and by correcting for the factor f s (resolution difference between HST and NOT), the number of globulettes was estimated to 951, which gives an average of 35 globulettes per H II region. 6. Our model gives a conservative estimate on the number of globulettes formed in the history of the Milky Way to about 5.7×10 10 . A less conservative estimate gives 2.0 × 10 11 globulettes. 7. The globulettes could therefore represent a nonnegligible source of the FFPs in the Milky Way. For example, if 10 % of the globulettes of our less conservative estimate form FFPs, then the globulettes would contribute to about 11 % of all FFPs, as estimated by Sumi et al. (2011) .
